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Introduc.on
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Mystery	  of	  β	  decay
In	  early	  20th	  century,	  people	  observed	  that	  a	  certain	  kind	  of	  nucleus	  
spontaneously	  change	  to	  a	  different	  nucleus	  by	  emiOng	  β	  ray	  
(electron).

This	  phenomena	  had	  serious	  mysteries,	  since	  	  it	  apparently	  did	  not	  
to	  conserve	  	  energy,	  momentum	  and	  spin.	  

ConBnuous	  energy	  
spectrum

β	  ray
(=electron)
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Introduc.on	  of	  neutrino	  	  

W.	  Pauli

W.	  Pauli,	  in	  his	  leTer	  to	  “RadioacBve	  Ladies	  and	  Gentleman”	  at	  Tubingen,	  in	  Dec.	  
1930,	  pointed	  out	  that	  there	  could	  exist	  neutral	  parBcles	  which	  have	  spin	  1/2	  
(neutrino).	  	  

+	  	  	  	  	  	  +
electron neutrino
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Neutrinos	  are	  difficult	  to	  observe

If	  one	  wants	  to	  observe	  a	  single	  neutrino	  of	  
a	  certain	  energy	  (for	  example,	  1GeV),	  one	  
typically	  needs	  1,000,000	  Earth	  equivalent	  
maTer	  (i.e.,	  1010	  km	  of	  maTer	  with	  the	  
typical	  earth	  density).

 One	  has	  to	  “observe”	  many	  neutrinos.	  
If	  1,000,000	  neutrinos	  propagate	  in	  the	  	  
Earth,	  one	  of	  them	  may	  interact	  
somewhere	  in	  the	  Earth…
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Discovery	  of	  electron-‐(an.-‐)neutrino	  (1950’s)

F.	  Reines	  (right,	  Nobel	  Prize,	  1995)	  and	  C.	  Cowan	  Jr.
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	  Discovery	  of	  electron-‐(an.-‐)neutrino	  (1950’)	  	  

Savanna	  River	  reactor

νe

Detector

followed	  by	  neutron	  capture	  
by	  Gd,	  which	  results	  in	  gamma	  
ray	  emission.
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From	  the	  lef	  to	  right:	  J.Steinberger,	  M.Schwartz	  and	  L.Lederman	  	  
(Nobel	  Prize,	  1988)

Discovery	  of	  muon-‐neutrino（1962）
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Discovery	  of	  muon-‐neutrino（1962）

Neutrino	  
detector

Muon-‐neutrino

Proton	  sy
nchrotron

	  @BNL	  

One	  of	  the	  observed	  events

muon

ν

π

Neutrino	  producBon

Neutrino	  detecBon
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MaDer	  elementary	  par.cles	  
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Neutrino	  masses	  and	  neutrino	  
oscilla.ons
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Neutrinos	  are	  special
• There	  used	  to	  be	  no	  evidence	  for	  mass.	  Therefore,	  
it	  has	  been	  assumed	  that	  neutrinos	  are	  massless	  in	  
the	  Standard	  Model	  of	  parBcle	  physics.

• They	  have	  no	  electric	  charge.
• They	  only	  “feel”	  weak	  force.
• …
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Neutrinos	  are	  special
• There	  used	  to	  be	  no	  evidence	  for	  mass.	  Therefore,	  
it	  has	  been	  assumed	  that	  neutrinos	  are	  massless	  in	  
the	  Standard	  Model	  of	  parBcle	  physics.

• They	  have	  no	  electric	  charge.
• They	  only	  “feel”	  weak	  force.
• …

However,	  

What	  will	  happen	  if	  neutrinos	  have	  masses….	  ?

Maki Nakagawa Sakata Pontecorvo
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Neutrino	  masses
Neutrinos	  can	  be	  massive.
However,	  according	  to	  Quantum	  mechanics,	  it	  is	  generally	  not	  
required	  that	  a	  certain	  type	  of	  neutrino	  (for	  example,	  νµ)	  to	  have	  a	  
unique	  mass	  value.	  
Instead;
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Neutrino	  masses	  and	  neutrino	  oscilla.ons

If	  neutrinos	  have	  masses,	  neutrinos	  change	  their	  type	  while	  
propagaBng	  in	  the	  vacuum	  (or	  in	  a	  medium).	  

ν2

ν3

νµ

ντ

Let	  us	  consider	  propagaBon	  of	  a	  neutrino	  (for	  example,	  iniBally	  νµ).
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Neutrino	  masses	  and	  neutrino	  oscilla.ons

ν2
ν3

νµ
ντ

Used	  in	  most	  
part	  of	  this	  talk.
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Discovery	  of	  neutrino	  oscilla.ons:	  Part	  I
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Cosmic ray
(p, He, ..)

ππ

µ

µ
e

e

Nucleus	  in	  the	  atmosphere	  (O,	  N,	  ..)

νµ νe νe

νµ

νµ

νµ

Neutrino	  produc.on	  by	  cosmic	  ray	  interac.ons	  
in	  the	  atmosphere	  (atmospheric	  neutrinos)

Monday, June 20, 2011



Proton	  decay	  experiments	  (1980’s)
Grand	  Unified	  Theories	  (in	  the	  1970’s)	   τp=1030±2	  years

NUSEX	  
(130ton)

Frejus	  
(700ton)

Kamiokande	  
(1000ton)

IMB	  
(3300ton)

These	  experiments	  
observed	  many	  contained	  
atmospheric	  neutrino	  
events	  (background	  for	  
proton	  decay).
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Kamiokande	  

1983	  (Kamiokande	  construcBon)

electronics

Water	  
system
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ν

Charged	  
parBcle

n	  (refracBve	  index)=1.34	  
in	  water	  

	  	  θ=42deg.	  for	  β=1

Detec.ng	  Cherenkov	  photons

PhotomulBplier	  
tube	  (PMT)

M.	  Koshiba
	  (2002	  Nobel	  Prize)

Cherenkov	  radiaBon
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Cherenkov	  rings	  by	  electrons	  and	  muons

muon-‐like	  
events

(νµ	  N µ 

N’)

electron-‐like	  
events

(νe	  N e	  
N’)

Kamiokande

Super-‐K

ParBcle	  IdenBficaBon;	  ε=99%@Super-‐K	  (98%	  @Kamiokande)
Monday, June 20, 2011



First	  result	  on	  the	  µ/e	  ra.o	  (1988)

Data MC 
prediction

e-like        
(～CC νe)

93 88.5

µ-like       (～
CC νµ)

85 144.0

“We	  are	  unable	  to	  explain	  the	  data	  as	  
the	  result	  of	  systemaBc	  detector	  effects	  
or	  uncertainBes	  in	  the	  atmospheric	  
neutrino	  fluxes.	  Some	  as-‐yet-‐
unaccoundted-‐for	  physics	  such	  as	  
neutrino	  oscillaBons	  might	  explain	  the	  
data.”	  	  	  

Kamiokande　collab.,	  Phys.LeT.B	  205	  

(1988)	  416.

Kamiokande
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First	  suppor.ng	  result	  on	  small	  µ/e

IMB	  experiment	  also	  reported	  smaller	  (µ/e)	  in	  1991	  and	  1992.
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Cosmic	  ray

Cosmic	  ray	  

Detector	  

νµντ　

oscillaBon

Atmosphere

Down-‐going

Up-‐going

What	  will	  happen	  if	  the	  moun	  deficit	  is	  due	  to	  
neutrino	  oscilla.ons	  

Detect	  down-‐going	  
and	  up-‐going	  ν

Monday, June 20, 2011



Cosmic	  ray

Cosmic	  ray	  

Detector	  

νµντ　

oscillaBon

Atmosphere

Down-‐going

Up-‐going

What	  will	  happen	  if	  the	  moun	  deficit	  is	  due	  to	  
neutrino	  oscilla.ons	  

One	  should	  observe	  a	  deficit	  of	  upward	  going	  νµ’s	  (=muons)	  !

Detect	  down-‐going	  
and	  up-‐going	  ν

(A	  demonstraBon	  that	  quantum	  mechanics	  works	  even	  at	  the	  scale	  of	  the	  Earth!)
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Zenith	  angle	  distribu.on	  (mul.-‐GeV)
	  mulB-‐GeV	  	  	  	  	  	  	  	  	  

µ-‐like	  
events

Deficit	  of	  upward-‐going	  	  	  	  	  	  	  	  
µ-‐like	  events

νµντ    (best	  
fit)

Up/Down=0.58	  	  	  	  	  	  	  	  	  	  	  (2.9	  σ)+0.13	  
-‐0.11

Up-‐going	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Down-‐going	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

No	  oscillaBon

Kamiokande	  PLB	  335,	  237	  (1994)
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Zenith	  angle	  distribu.on	  (mul.-‐GeV)
	  mulB-‐GeV	  	  	  	  	  	  	  	  	  

µ-‐like	  
events

Deficit	  of	  upward-‐going	  	  	  	  	  	  	  	  
µ-‐like	  events

νµντ    (best	  
fit)

Up/Down=0.58	  	  	  	  	  	  	  	  	  	  	  (2.9	  σ)+0.13	  
-‐0.11

Up-‐going	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Down-‐going	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  

No	  oscillaBon

Not	  high	  enough	  staBsBcs	  to	  conclude	  …
Much	  higher	  staBcs	  required	  (=	  much	  larger	  detector	  required)

Kamiokande	  PLB	  335,	  237	  (1994)
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50,000	  ton	  water	  Cherenkov	  
detector	   (22,500	  ton	  fiducial	  
volume)

１０００ｍ underground

11200	  PMTs	  (Inner	  detector)

1900	  PMTs	  (Outer	  detector)

Exit

３９ｍ

４
２
ｍ

Super-‐Kamiokade	  detector

UAM!!
(Prof.	  L.	  Labarga’s	  group)
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Water	  filling	  in	  Super-‐Kamiokande	  
Jan.	  1996

Kamiokande
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Evidence	  for	  neutrino	  
oscilla.ons

(Super-‐Kamiokande	  
@Neutrino	  ’98)

Super-‐Kamiokande	  
concluded	  that	  the	  
observed	  zenith	  angle	  
dependent	  deficit	  (and	  the	  
other	  supporBng	  data)	  gave	  
evidence	  for	  neutrino	  
oscillaBons.
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President’s	  remarks	  at	  the	  1998	  MIT	  commencement	  
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Why	  very	  small	  neutrino	  masses	  are	  important?
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Why	  very	  small	  neutrino	  masses	  are	  important?

See-‐Saw	  mechanism
Minkowsky,	  Yanagida,	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  
Gell-‐mann,	  Lamond,	  Slansky

If	  we	  input	  mν3	  and	  mq

(mtop	  is	  used),	  we	  get	  
mN=1015GeV
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Mass	  scales	  of	  neutrino	  physics	  and	  Unifica.on

(C
ou

pl
in
g	  
co
ns
ta
nt
)-‐1

UnificaBon	  model	  
In	  the	  1970’s

Present	  
UnificaBon	  
model	  

U
ni
fic
aB

on
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Mass	  scales	  of	  neutrino	  physics	  and	  Unifica.on

(C
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UnificaBon	  model	  
In	  the	  1970’s

Present	  
UnificaBon	  
model	  
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Mass	  scales	  of	  neutrino	  physics	  and	  Unifica.on

(C
ou

pl
in
g	  
co
ns
ta
nt
)-‐1

UnificaBon	  model	  
In	  the	  1970’s

Present	  
UnificaBon	  
model	  

This	  suggests	  that	  physics	  of	  neutrino	  mass	  could	  be	  related	  to	  
physics	  of	  Grand	  UnificaBon!	  	  

U
ni
fic
aB

on

N
eu

tr
in
o	  
Ph

ys
.

Monday, June 20, 2011



Super-‐Kamiokande	  data	  now

@Neutrino98	  
(535	  day)

@2010	  
(2806	  day)

No	  oscillaBon

νµντ	  
oscillaDon

Up-‐going Down-‐going

600 600

400 400

200 200
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Future	  direc.on	  
Atmospheric	  neutrinos

 Very	  wide	  neutrino	  flight	  length

 Wide	  neutrino	  energy

 Mixture	  of	  νµ,	  anB-‐νµ,	  νe	  and	  anB-‐νe	  	  

Long	  	  baseline	  Experiments

Single	  flight	  length

	  Controlled	  neutrino	  energy

	  almost	  pure	  νµ	  (or	  anB-‐νµ)

Kamioka

J-‐PARC

Ini$al	  discovery Precise	  studies
(However,	  there	  are	  sBll	  topics	  that	  
atmospheric	  	  neutrinos	  can	  contribute	  …)
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LBL	  experiments

250km

K2K	  experiment	  (1999-‐2004) MINOS	  experiment	  (2005-‐	  )

735km

No oscillation

Oscillation
best fit

reconstructed Eν (GeV)

MC normalization: 
number of events (58)

1986	  events
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Allowed	  parameter	  region	  from	  atmospheric	  and	  
long	  baseline	  experiments	  

Consistent	  with	  
maximal	  mixing!

(MINOS)

ν3	  might	  
be	  as	  

heave	  as	  
0.05	  eV.
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Discovery	  of	  neutrino	  oscilla.ons:
Part	  II
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Observing	  the	  Interior	  of	  the	  Sun	  with	  

J.	  N.	  Bahcall R.	  Davis	  Jr.
(Novel	  prize	  2002)

J.N.	  Bahcall	  “Solar	  neutrinos	  I:	  TheoreBcal”	  P.R.L.	  12,	  300	  (1964)
R.	  Davis	  Jr.	  “Solar	  neutrinos	  II:	  Experimental”,	  P.R.L.12,	  303	  (1964)	  

600ton
C2Cl4
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Solar	  Neutrino	  Problem
Search	  for	  Neutrinos	  from	  the	  Sun

R.	  Davis	  Jr.,	  D.S.	  Harmer,	  and	  K.C.	  Hoffman,	  PRL	  20,	  1205	  (1968)
The	  Ar	  producBon	  rate	  by	  νe37Cl	  e-‐	  37Ar	  was	  substanBally	  smaller	  than	  the	  predicBon	  by	  

the	  Standard	  Solar	  Model.

Monday, June 20, 2011



Solar	  Neutrino	  Problem
Search	  for	  Neutrinos	  from	  the	  Sun

R.	  Davis	  Jr.,	  D.S.	  Harmer,	  and	  K.C.	  Hoffman,	  PRL	  20,	  1205	  (1968)
The	  Ar	  producBon	  rate	  by	  νe37Cl	  e-‐	  37Ar	  was	  substanBally	  smaller	  than	  the	  predicBon	  by	  

the	  Standard	  Solar	  Model.

Problem:	  We	  did	  not	  know	  the	  solar	  neutrino	  
flux	  very	  well.	  People	  were	  afraid	  that	  the	  
problem	  might	  be	  solved	  by	  finding	  out	  that	  
the	  calculated	  flux	  was	  too	  high...

Homestake	  (Cl)	  	  	  	  	  	  	  	  	  	  	  	  Kamiokande	  (H2O)

SAGE	  (Ga)	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  Gallex/GNO	  (Ga)
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Heavy water experiment
H.Chen PRL 55, 1534 (1985)
“Direct Approach to Resolve the Solar-neutrino 
Problem”

(=νe	  flux)

(=	  total	  flux)

CC
NC =	  	  P(νe	   νe)

1000	  ton	  D2O

SNO

(CC)

(NC)
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Standard Solar 
Model  (68%CL)

SNO NC 
68%CL
= total fluxSNO CC

68%CL
= νe flux

SNO ES
68%CL

Solving	  the	  solar	  neutrino	  problem

Only	  about	  30%	  of	  the	  neutrinos	  from	  the	  Sun	  are	  
electron-‐neutrinos!	  (2001,	  2002)	  
  OscillaBon!

   νe	  Flux	  	  	  

ν µ
	  +
	  ν
τ	  fl

ux

SK ES
68%CL
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Long baseline reactor exp: KamLAND

Sensitive to Δm2 > 10-5eV2

KamLAND

1000	  ton	  
liquid	  
scinBllator
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	  KamLAND	  and	  neutrino	  oscilla.on
KamLAND	  	  arXiv:	  1009.4771

Really,	  really	  oscilla$on!

No	  osc.

Solar	  exp’s.

KamLAND
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Future	  prospects
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Present	  and	  future
Present Future

2	  flavor	  neutrino	  oscilla$on:
◆	  νµ	  ⇔	  ντ	  :	  atmospheric	  ν

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  accelerator	  ν
◆	  νe	  ⇔	  νx	  :	  solar	  ν

	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  	  reactor	  ν

ν1

ν2

ν3

νe

νµ
ντ

3	  flavor	  neutrino	  oscilla$on:
◆	  measure	  3	  mixing	  angles	  
 	  	  	  	  	  (2	  are	  known)
∅	  measure	  all	  the	  parameters	  	  
relevant	  to	  osc.
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MaDer	  elementary	  par.cles	  
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MaDer	  elementary	  par.cles	  

Grand	  UnificaBon:	  UnificaBon	  of	  forces
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MaDer	  elementary	  par.cles	  

Grand	  UnificaBon:	  UnificaBon	  of	  forces
	  UnificaBon	  of	  quarks	  and	  leptons
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Rela.on	  between	  quarks	  and	  leptons	  ?
Quark	  mixing Neutrino	  mixing

3×3	  mixing	  
matrix

3×3	  mixing	  
matrix
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Rela.on	  between	  quarks	  and	  leptons	  ?

θ12=13o

θ23=2.4o

θ13=0.21o

θ12=34±1o

θ23=45±6o

θ13 <11o

Very	  
different!

For 
quarks

For 
neutrinos

Quark	  mixing Neutrino	  mixing

3×3	  mixing	  
matrix

3×3	  mixing	  
matrix
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Rela.on	  between	  quarks	  and	  leptons	  ?

θ12=13o

θ23=2.4o

θ13=0.21o

θ12=34±1o

θ23=45±6o

θ13 <11o

Very	  
different!

For 
quarks

For 
neutrinos

Is θ23 
maximal

? 

Quark	  mixing Neutrino	  mixing

3×3	  mixing	  
matrix

3×3	  mixing	  
matrix
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Rela.on	  between	  quarks	  and	  leptons	  ?

θ12=13o

θ23=2.4o

θ13=0.21o

θ12=34±1o

θ23=45±6o

θ13 <11o

Very	  
different!

For 
quarks

For 
neutrinos

Is θ23 
maximal

? 

How	  small	  is	  θ13?

Quark	  mixing Neutrino	  mixing

3×3	  mixing	  
matrix

3×3	  mixing	  
matrix

Monday, June 20, 2011



θ13	  experiments
Reactor	  experiments

Long	  baseline	  experimentsAtmospheric	  neutrino	  exp.

Double	  Chooz	  (France) Daya	  Bay	  (China) RENO	  (Korea)

Super-‐K T2K	  (Japan) NOνA	  (USA)
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Assume: sin22θ13=0.01 
(about 1/15 of the present limit)

N
um

be
r o

f e
ve

nt
s

exp’d signal+BG

NC BG

Beam	  νe	  BG

Example: T2K

Expected non-zero θ13 signals 

Long	  baseline	  experimentsReactor	  experiments

Signal	  :	  νe	  (=	  electron)	  
appearance

Signal	  :	  νe	  (=	  electron)	  
disappearance
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J-‐PARC	  and	  the	  T2K	  beam	  line

to	  Super-‐K
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Ini.al	  T2K	  results	  on	  electron	  appearance
Data	  unBl	  the	  2010	  summer	  shutdown	  were	  analyzed.	  	  (3.23×1019	  POT)

1	  electron	  candidate

Nakadaira	  KEK	  seminar
Okumura	  ICRR	  seminar
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Earthquake	  on	  March	  11
• Super-‐K	  and	  KamLAND	  were	  OK.
• People	  in	  Tohoku	  University	  were	  OK.
• J-‐PARC	  was	  damaged.

• “Master	  Plan	  for	  J-‐PARC	  Recovery”	  will	  be	  released	  in	  

Near	  LINAC	  bulding Road	  Near	  3GeV	  PS
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A	  big	  ques.on:
Why	  is	  our	  Universe	  made	  by	  maDer	  	  	  	  (not	  

by	  an.-‐maDer)?
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A	  big	  ques.on:
Why	  is	  our	  Universe	  made	  by	  maDer	  	  	  	  (not	  

by	  an.-‐maDer)?

It	  has	  been	  discussed	  that	  the	  origin	  of	  
maTer	  may	  come	  from	  the	  parBcle=anB-‐
parBcle	  asymmetric	  decay	  of	  the	  heavy	  
neutral	  parBcle	  of	  the	  See-‐Saw	  mechanism.	  

mν ⊥ −−− 
mq

2

mN

Fukugita	  Yanagida	  PLB	  1986
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A	  big	  ques.on:
Why	  is	  our	  Universe	  made	  by	  maDer	  	  	  	  (not	  

by	  an.-‐maDer)?

It	  has	  been	  discussed	  that	  the	  origin	  of	  
maTer	  may	  come	  from	  the	  parBcle=anB-‐
parBcle	  asymmetric	  decay	  of	  the	  heavy	  
neutral	  parBcle	  of	  the	  See-‐Saw	  mechanism.	  

This	  idea	  should	  be	  tested.
	  	  	  ◆	  Are	  neutrino	  and	  anB-‐neutrino	  oscillaBons	  different?
	  (	  ◆	  Is	  neutrino	  its	  own	  anB-‐parBcle?	  )	  	  	  	  

mν ⊥ −−− 
mq

2

mN

Fukugita	  Yanagida	  PLB	  1986
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InflaBon

400,000	  	  years	  afer	  
Big	  Bang

Time	  

Size	  of	  the
Universe

Present	  Universe
（13.7	  B	  years）
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InflaBon

400,000	  	  years	  afer	  
Big	  Bang

Time	  

Size	  of	  the
Universe

Present	  Universe
（13.7	  B	  years）

Origin	  of	  maTer	  in	  the	  Universe
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Studies	  in	  US	  and	  Asia

1300	  km

295	  km

(1000-‐1250	  km)

Future LBL possibilities                                                    
(assuming sin22θ13 is larger than 0.01)

Megawatt class super-beam 
+

Megaton class (water) detector

(660	  km)
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Summary

• Neutrinos	  have	  been	  playing	  major	  roles	  in	  the	  
development	  of	  parBcle	  physics.

• Small	  but	  non-‐zero	  neutrino	  masses	  were	  discovered	  
by	  studies	  of	  	  neutrinos	  produced	  in	  the	  Earth’s	  
atmosphere	  and	  in	  the	  Sun.

• The	  discovery	  of	  non-‐zero	  neutrino	  masses	  opened	  a	  
window	  to	  study	  physics	  at	  a	  very	  high	  energy	  scale,	  
probably	  Grand	  UnificaBon.

• Further	  studies	  of	  neutrinos	  might	  tell	  us	  the	  origin	  of	  
the	  maTer	  in	  the	  Universe.
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Summary

• Neutrinos	  have	  been	  playing	  major	  roles	  in	  the	  
development	  of	  parBcle	  physics.

• Small	  but	  non-‐zero	  neutrino	  masses	  were	  discovered	  
by	  studies	  of	  	  neutrinos	  produced	  in	  the	  Earth’s	  
atmosphere	  and	  in	  the	  Sun.

• The	  discovery	  of	  non-‐zero	  neutrino	  masses	  opened	  a	  
window	  to	  study	  physics	  at	  a	  very	  high	  energy	  scale,	  
probably	  Grand	  UnificaBon.

• Further	  studies	  of	  neutrinos	  might	  tell	  us	  the	  origin	  of	  
the	  maTer	  in	  the	  Universe.

It	  is	  likely	  that	  future	  neutrino	  experimens	  will	  
continue	  to	  be	  as	  exciting	  as	  those	  in	  the	  past!
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backups
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Takaaki	  Kajita
ICRR	  and	  IPMU,	  Univ.	  of	  Tokyo	  

Paco	  Yndurain	  Colloquium
May	  4,	  2011

Studying	  massive	  neutrinos
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Discovery	  of	  cosmic	  rays
◆In	  the	  early	  20th	  century,	  it	  was	  known	  that	  
there	  existed	  natural	  radiaBon	  on	  the	  surface.	  
It	  was	  assumed	  that	  they	  came	  from	  the	  
earth.
◆Victor	  Hess	  carried	  out	  a	  balloon	  experiment	  	  
In	  order	  to	  test	  this	  assumpBon.	  (The	  
radiaBon	  should	  decrease	  in	  high	  alBtudes.)
◆He	  observed	  that	  the	  radiaBon	  gets	  stronger	  
in	  higher	  alBtudes	  (of	  about	  5km).

Discovery	  of	  cosmic	  rays
	  	  	  	  	  (Nobel	  prize	  1936)

Subsequent	  studies	  found	  that	  the	  majority	  
of	  the	  cosmic	  rays	  are	  high	  energy	  protons,	  
He,	  and	  heavier	  nuclei.
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Development	  of	  the	  cosmic	  ray	  studies

• Subsequent	  studies	  found	  that	  the	  majority	  of	  
the	  cosmic	  rays	  are	  high	  energy	  protons,	  He,	  
and	  heavier	  nuclei.

• We	  knew	  that	  there	  are	  some	  cosmic	  
accelerators	  that	  accelerate	  cosmic	  ray	  
parBcles	  up	  to	  1020	  eV	  in	  the	  extreme	  case.	  	  
(This	  is	  a	  very	  interesBng	  scienBfic	  field.	  
However,	  due	  to	  the	  limited	  Bme,	  I	  skip	  any	  
details	  of	  the	  current	  cosmic	  ray	  studies.)	  
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Observa.on	  of	  atmospheric	  neutrinos	  

(νµ N	   µ X)

At	  the	  depth	  of	  3200	  meters	  (8800	  
meters	  water	  equivalent)	  in	  South	  
Africa	  
First	  observed	  on	  Feb.	  23,	  1965
By	  F.Reines	  et	  al.

At	  the	  depth	  of	  2400	  meters	  (7500	  
meters	  water	  equivalent)	  in	  India	  (Kolar	  
Gold	  Field)
First	  published	  on	  Aug.	  15,	  1965
By	  C.V.	  Achar	  et	  al.

photo	  of	  the	  South	  
Africa	  experiment

Detector	  for	  the	  
KGF	  experiment	  
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Iden.fying	  electrons	  and	  muons

Cosmic	  ray	  μ e	  from	  μ	  decay

ε=99%@Super-‐K	  (98%	  @Kamiokande)

(figures	  from	  Super-‐K)

Atmospheric	  neutrino	  data	  &	  
Monte	  Carlo	  simulaBon
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The	  first	  hint	  for	  the	  problem	  ?
(South	  Africa	  experiment,	  1978)

VerBcal	  	  	  	  	  	  	   Horizontal

Neutrino	  induced	  	  
muons

Cosmic	  ray	  
muons

PRD18,	  2239	  (1978)	  
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The	  first	  hint	  for	  the	  problem	  ?
(South	  Africa	  experiment,	  1978)

VerBcal	  	  	  	  	  	  	   Horizontal

Neutrino	  induced	  	  
muons

Cosmic	  ray	  
muons

Deficit	  of	  muons

PRD18,	  2239	  (1978)	  

“We	  conclude	  that	  there	  is	  fair	  agreement	  
between	  the	  total	  observed	  and	  expected	  
neutrino	  induced	  muon	  flux	  …”
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Zenith	  angle	  distribu.on	  	  	  	  	  	  	  	  	  	  	  	  	  
	  (updated	  data	  from	  the	  original	  South	  Africa	  experiment)	  

VerBcal	  	  	  	  	  	  	  	  	  	  	  	  	  (going	  
up	  or	  down)

Horizontal	  
going

Neutrino	  induced	  	  
muons

Cosmic	  ray	  
muons

PRD18,	  2239	  (1978)	  

(νµ N	   µ X)
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Soudan-‐2

MACRO

MINOS	  /	  SNO
(Atmospheric	  
neutrinos	  only	  
in	  this	  page)

	  Results	  from	  the	  other	  atmospheric	  neutrino	  

These	  experiments	  observed	  atmospheric	  
neutrinos	  and	  neutrino	  oscillaBons
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MINOS νµντ result
7.2	  ×	  1020	  POT	  (about	  factor	  2	  improved	  staBsBcs	  compared	  with	  the	  2008	  results)

No	  oscillaBon:	  2451
ObservaBon:	  1986

OscillaBon	  gives	  very	  good	  fit
(Decay	  model	  disfavored	  >	  6σ)
(Decoherence	  model	  disfavored	  >	  8σ)

66
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PreparaDon	  SecDon

Target	  StaDon
Target-‐Horn	  System

SCFM	  at	  Arc	  SecDon
Decay	  VolumeBeam	  DumpNear	  Neutrino	  Detector

295	  km	  to
Super	  Kamiokande

Final	  Focus
SecDon

110m

Muon Monitoring 
Pit

280m

T2K	  setup	  (@J-‐PARC)

2km	  detector	  
(LoI	  submiTed	  )	  

T2K	  experiment	  started	  in	  2009	  (physics	  run	  in	  2010).

Target	  staBonHorn	  
(test)

Near	  
detector
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2008  θ13	  	  global	  fit
arXiv:0808.2016

◆SNO	  and	  KamLAND	  slight	  tension.
◆CHOOZ:	  dominant	  contribuBon.

SBll	  not	  clear….
Much	  higher	  sensiBvity	  
experiments	  required.	  

arXiv:0806.2649
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Super-Kamiokande

• Similar sensitivity

LBL	  θ13	  experiments
J-PARC

NOνA T2K

Started	  in	  2009	  (2010)Will	  start	  in	  ～2013
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